This study showed how barley plants can be shifted in their response to isolates of the mildew pathogen Blumeria graminis with different host adaptation by overexpression of the barley phytoglobin gene HvHb1. At early infection stages, plants overexpressing phytoglobin (GPHb1) showed less papilla formation and more hypersensitive response against both virulent and avirulent pathogen isolates compared to the wildtype (WT) plants. The shift was most pronounced in a wheat-adapted isolate (B. graminis f. sp. tritici). At later infection stages, GPHb1 plants infected with a virulent pathogen isolate (A6) showed less leaf chlorosis compared to the WT plants, indicating delayed senescence. The chlorophyll level was significantly higher in A6-infected GPHb1 plants 9 days after inoculation (dai) and the senescence indicators sphingosine-1-phosphate:ceramide ratio and phytol content confirmed delayed senescence. At 14 dai the percentage of fungal DNA was significantly higher on the GPHb1 plants than on WT plants, probably as a result of the delayed senescence. The results show that overexpression of phytoglobin (previously known as plant haemoglobin) can be an important tool to understand disease-related stress effects in plants of agronomic importance and for understanding basic resistance mechanisms. Studying this process in more detail may provide insights into how to alleviate stress-related senescence in plants.
Introduction
The relationship between plants and fungi dates back at least 400 million years (Krings et al., 2007) . Fungi are heterotrophic organisms and many species exploit living plants as a source of energy by being pathogenic parasites. Several plant pathogenic fungi cause problems on domesticated plant species important for human consumption as they affect the yield and seed quality. Understanding factors on the plant side that modulate the pathogenesis of the pathogens may lead to better control of fungal diseases and thus reduce their impact on production.
Plants are resistant to most of the pathogens they may encounter due to preformed physical and chemical defence barriers, and a molecular system for detection of pathogen-associated molecular patterns (PAMPs; Dodds & Rathjen, 2010) . Different strategies are used by fungal pathogens to overcome these defence systems. Fungal pathogens with a biotrophic life style such as the mildew pathogen Blumeria graminis have developed a basic compatibility with their host that makes them able to feed on living host tissue. This group includes some of the most important pathogens for cereal production. The main hypothesis is that they jam the PAMP-triggered immunity (PTI) via the release of small effector proteins from highly specialized infection structures called haustoria developed in the plant cells (Giraldo & Valent, 2013) . In response, plants have evolved protein receptors that can directly or indirectly detect these effectors (effector-triggered immunity, ETI) and initiate defence pathways. In most cases the ETI response results in a special type of localized cell death termed the hypersensitive response (HR). This interaction depends on the presence of both an avirulence allele in the pathogen and a resistance allele in the host; if either one is absent, the pathogen is able to infect (gene-for-gene interaction; Flor, 1971) . Most biotrophic pathogens have a strong evolutionary relationship with their host. This relationship is reflected at the species and genotype level of the host. It has been hypothesized that strong host boundaries have evolved as a result of the effector system, because basic compatibility with different hosts may require different effector proteins (Stam et al., 2014) . Within pathogen species this has led to the formation of formae speciales (ff. sp.) where pathogen genotypes sampled from one host species often have a limited capacity to infect another host species.
At the biochemical level the PTI and the ETI responses appear to share pathways, involving the same signalling molecules. Nitric oxide (NO) has been established as an important component in the regulatory network that controls the initiation of both the HR and PTI (Mur et al., 2013) . In model systems such as Arabidopsis, NO is generated during pathogen infection and it seemingly plays an important regulatory function in host resistance. The level of NO in plant cells appears to be tightly regulated, e.g. through the scavenging function of plant phytoglobins (Igamberdiev et al., 2006) . A special type of haemoglobin termed leghemoglobin was first identified in plants in symbiotic root nodules (Kubo, 1939) , where it has a function in regulating the concentration of free oxygen (Ott et al., 2005) . Genes coding for other nonsymbiotic forms of haemoglobin (i.e. phytoglobin sensu Hill et al. (2016) ) were identified later in several species including barley (Hordeum vulgare; Hebelstrup et al., 2007) . An array of functions appears to be linked to phytoglobin and in most cases this involves regulation of NO turnover and signalling effects, in particular during stress situations such as diseases (Wally et al., 2013) . However, the understanding of phytoglobin function during pathogen infection is still rudimentary.
Blumeria graminis is one of the most important biotrophic pathogens in cereal production where is causes powdery mildew disease on several host species. Blumeria graminis is also able to infect several grasses, although strong boundaries (ff. sp.) exist between some host species (Glawe, 2008) . The reason is not well understood, but host resistance against unadapted pathogen isolates involves defence responses, primarily formation of papillae, which are part of the PTI. At the genotype level, plants show an ETI response against adapted pathogens if they contain a resistance gene that matches an avirulence gene in the pathogen. Spores of B. graminis are spread by the wind; when the environmental conditions are right, a spore will germinate on the leaf surface to form an appressorial germ tube on which an appressorium develops for direct penetration of plant epidermal cells. Haustoria are subsequently formed in the host cells between the cell wall and a newly formed extrahaustorial membrane extending from the plant plasma membrane, but the mycelium grows externally on the leaf surface. Five to 7 days after infection, new fungal spores will begin to form and can then spread to initiate new infections (Glawe, 2008) . Due to its importance in limiting plant production this pathogen has attracted a lot of scientific interest, in particular the function of resistance genes because of their potential in disease control. Modulating expression of genes involved either directly or indirectly in pathogen responses is an informative approach to study the processes involved. In the current study, wildtype plants of the barley variety Golden Promise (GP) and genetically modified GP plants showing overexpression of a phytoglobin class 1 gene (Hebelstrup et al., 2014) were inoculated with one wheat-adapted and two barley-adapted isolates of B. graminis. One of the barley-adapted isolates showed incompatibility due to avirulence for the Mla8 resistance gene present in GP (Newton, 1989) . The possible effect of the barley genotype on disease progression of the different genotypes of B. graminis was studied with the hypothesis that the barley genotype affects the infection level and host response of virulent, avirulent and nonbarley-adapted pathogen isolates.
Materials and methods

Plant and pathogen material
Two isolates of B. graminis f. sp. hordei (A6 and Race 1) and one isolate of B. graminis f. sp. tritici (H8) were used. Isolates were kept and multiplied on seedlings of the varieties Golden Promise (GP, barley), Manchuria (barley) and Anja (wheat), respectively. Greenhouse conditions were controlled with 18 h of natural light supplemented with artificial light of 50-100 lmol m À2 s À1 when light outside was <10 000 lux. The temperature was kept at 17°C during light hours and 12°C during the dark period. Plants were sown in 7 9 7 cm square pots filled with a standard peat-based mix (Pindstrup Mosebrug A/S) and inoculated when they were 10 days old by dusting with spores from infected seedlings. After 20 h of incubation, plants were moved to spore-proof greenhouse cabins and pots were covered with cellophane bags 3 days later to prevent cross contamination. Old spores were shaken off 2 days before use to obtain fresh spores for inoculation of experimental plants.
Two barley genotypes were used for the experiments: wildtype GP plants and lines of GP expressing cDNA of the barley phytoglobin class 1 gene HvHb1 (GPHb1) described previously in Hebelstrup et al. (2014) . These plants overexpress HvHb1-1 cDNA by use of the ectopic maize ubiquitin-2 promoter. Overexpression in leaves was previously confirmed by two independent methods: western blotting and quantitative reverse transcription (RT)-PCR, both of which showed much higher expression levels of HvHb1-1 in transgenic lines than in wildtype plants. The quantitative RT-PCR identified overexpression lines with relative HvHb1-1 mRNA levels in leaves that are >50 times higher than in the control wildtype lines. Plants were raised and kept in the greenhouse as described above.
Experimental design and inoculation for microscopy
Three pots each of GP and GPHb1 were placed in a tray (45 9 55 9 7 cm) together with an acrylic pedestal (22.5 9 15 9 15 cm (L:W:H)) when the plants were approximately 16 days old and the second leaf fully emerged. The three pots of GP were placed along one side of the pedestal and the three pots of GPHb1 along the other side. The second leaf of four homogenous plants per pot was fixed on the pedestals by the use of permeable transparent tape (Leukofix; BSN Medical). Leaves of the two barley genotypes were placed alternately sideby-side. Two trays per isolate of B. graminis were subsequently inoculated in a settling tower. Spores from infected leaves were blown through a tube mounted at the top of the settling tower and spores were allowed to settle on the plants for 10 min. Glass slides were placed between the inoculated leaves to monitor the inoculation density, which was 9-11 spores mm
À2
. The settling tower was thoroughly cleaned with ethanol between inoculations with different isolates and the room sprayed with water. Furthermore, control trays were mock treated to monitor the risk of contamination. After inoculation, trays were kept in spore-proof greenhouse cabins under the same conditions as described above.
Sampling and microscopy
Leaves for histological observations were sampled at 24, 48 and 72 hours after inoculation (hai). Six leaves (replicates) were sampled per treatment per time point, i.e. three leaves each of GP and GPHb1 per tray. Leaf samples were prepared for microscopy as described by Olesen et al. (2003) . Leaf segments (5 cm) were fixed on tissue paper moistened with ethanol:acetic acid (3:1 (v/v)) with the adaxial surface upwards for 48 h. After fixation, leaves were transferred to tissue paper moistened with deionized water (DIW) for 4 h followed by transfer to paper moistened with lactoglycerol (lactic acid: DIW:glycerol, 1:1:1, v/v/v) for clearing. Fungal structures were stained with Evans blue in lactoglycerol (0.025% w/v). Two drops were placed on the cover glass and the leaf segments were then placed with the adaxial surface towards the glass. The cover glass was inverted onto a microscope slide.
Fungal structures and host cell response were assessed by a Zeiss AxioPlane microscope using both transmitted light and epifluorescence microscopy (filter set 15, excitation BP 546/12, emission LP 590). The outcome of the attack from 50 randomly selected germinated conidia was assessed per leaf segment. Only epidermal cells with a single conidial attack and no attack in adjacent cells were assessed. Furthermore, only type B cells were assessed, classified by Koga et al. (1990) as the small epidermal cells with no contact to the stomatal complex. Five classifications were used for recording the outcome of fungal attack: (i) germinated spore with no sign of attempt to penetrate, (ii) a successful infection with the formation of haustoria in a living host cell, (iii) unsuccessful attack stopped by papilla formation in a living host cell, (iv) attacked host cell with HR without haustoria formation, and (v) attacked host cell with HR but with haustoria formation. Notes were taken on the number of appressoria per germinated conidium and the stages of the haustoria as classified by Faoro et al. (2008) , and number of haustoria per colony. Furthermore, photographs were taken of the infected leaves in the greenhouse 7 days post-inoculation (dpi) using a digital SLR camera (EOS 7D; Canon) equipped with a 100-mm macro lens (Canon) fixed on a camera stand.
Biomass and chlorophyll assessment
A second experiment was carried out for assessment of the percentage of fungal DNA and the chlorophyll contents of GP and GPHb1 plants inoculated with the A6 isolate. Eight seeds were sown along one side of 7 9 7 cm pots and grown under standard greenhouse conditions as described above. When the plants were 16 days old, two pots of each genotype were placed in trays together with an acrylic pedestal. The two pots of GP were placed on the same side of the pedestal and two pots of GPHb1 along the other side. The number of plants per pots was reduced to four and the second leaf of each plant was fixed on the pedestal. Nine trays each were prepared for inoculation with spores and for control (mock inoculation).
Spores of isolate A6 for inoculation were harvested from multiplication pots by shaking the spores in the cellophane bags and then cutting a hole in one corner of the bags. Spores were suspended in Novec 7100 (3M) at a concentration of 3 9 10 4 spores per mL, as determined using a haemocytometer. An area of 5 cm in the middle of each leaves was inoculated with 5 lL spore suspension using a pipette (Sørensen et al., 2016) . The trays were covered with lids to create humid conditions and incubated at 10°C. After incubation, trays were moved to spore-proof greenhouse cabins. Control plants were mock inoculated with Novec 7100 and treated in the same way as the inoculated plants, but kept in a separate greenhouse cabin next to the cabin with inoculated plants.
Three trays (replicates) each, of both inoculated and control plants, were used for sampling at 6, 9 and 14 dpi. Spores were blown off the infected leaves before sampling. Leaf segments (5 cm) were sampled from three adjacent plants of each genotype in each tray. Leaves of the same genotype and from the same tray were pooled, placed in a collection tube (size A130A; Promega) and placed in liquid nitrogen immediately after sampling and stored at À80°C no later than 30 min after sampling. Leaves were ground in liquid nitrogen using a mortar and pestle, and kept frozen in liquid nitrogen until storage at À80°C. About 20 mg from each leaf sample was used for chlorophyll assessment, 50 mg was used for targeted metabolite analysis and 60 mg was used for assessment of percentage fungal DNA based on real-time quantitative PCR (qPCR).
DNA extraction and qPCR
Genomic DNA was extracted from each leaf sample using the DNeasy Plant Mini kit (QIAGEN) according to the manufacturer's instructions. DNA for standard curves was extracted from samples of pure fungal spores and noninfected leaves. The DNA concentration and quality of each sample and of DNA for the standard curve was determined on a NanoDrop 1000 system (Thermo Fisher Scientific). The qPCRs were performed using B. graminis-specific primers targeting the internal transcribed spacer region (ITS), Bg ITS Fw_A (5 0 -CAACGGATCTCTT GGCTCTGG-3 0 ) and Bg ITS Rev_A (5 0 -GCAATGTGCGTT CAAAGATTCG-3 0 ) amplifying a product of 104 bp. Primers were synthesized by Sigma Life Science. Each reaction for qPCR contained a total volume of 12.5 lL consisting of 6.25 lL of 29 POWER SYBR Green PCR master mix (Applied Biosystems), 300 nM of each primer, 0.5 lg lL À1 bovine serum albumin (BSA), 2.375 lL of water and 2.5 lL of template DNA. Each sample was duplicated for technical replication. Genomic DNA was diluted 1:10 before qPCR. qPCR was performed on a ViiA 7 system (Applied Biosystem) using the following cycles: 2 min at 50°C; 10 min at 95°C; 40 cycles of 15 s at 95°C, 1 min at 62°C; followed by melting curve analysis obtained by heating to 95°C for 15 s, cooling to 60°C and incrementally heating to 95°C at a rate of 0.05°C s
À1
. The qPCR of the genomic barley DNA was conducted based on primers for the EF1a gene and performed as described in Nicolaisen et al. (2009) . Standard curves were made based on a 10-fold dilution series of B. graminis f. sp. hordei DNA ranging from 1250 to 0.0125 pg (E = 100.5, R 2 = 0.999) and a 5-fold dilution series for the genomic barley DNA (E = 104.7, R 2 = 0.996). The amount of B. graminis DNA in unknown samples was calculated from the cycle threshold (C t ) using the standard curve. Percentage fungal DNA was calculated by dividing fungal DNA mass with the total DNA (fungal and plant DNA) as estimated by qPCR and multiplying by 100.
Measurement of chlorophyll and senescence markers
Chlorophyll was extracted by adding 1 mL dimethyl sulphoxide (DMSO; Merck) to each sample. Samples were then mixed for 2 9 1 min at 1500 rpm on a 2010 Geno/Grinder (Spex sampleprep). After mixing, the samples were spun in a centrifuge for 2 min at 2236 g. Subsequently the supernatant was removed and 1 mL of additional DMSO was added to each sample for reextraction. Immediately after re-extraction, the chlorophyll concentrations were measured in a UV-VIS spectrophotometer (UV 2700; Shimadzu Corp.). The spectrophotometer was calibrated using a blank sample of DMSO. The absorbance (A) of each sample was measured at 645 and 663 nm. The chlorophyll content was calculated according to Hiscox & Israelstam (1979) :
The total tissue chlorophyll concentration was calculated by:
To measure relative levels of the senescence markers sphingosine-1-phosphate, ceramide and phytol, total metabolites were extracted and analysed as described in Hasler-Sheetal et al. (2016) with slight modifications. In brief, 50 mg fresh weight were extracted (2 min in an ultrasonic bath followed by 15 min on a thermoshaker both at 4°C) in 1 mL methanol: acetonitrile:water [4:4:2 v/v/v] chilled to À20°C (spiked with 0.4 mg L À1 13 C 6 sorbitol and reserpine as internal standards). After centrifugation (16 000 g for 5 min) the relative levels of sphingosine-1-phosphate, ceramide and phytol in the supernatant were analysed by gas chromatography quadrupole timeof-flight mass spectrometry (7200 GC-QTOF MS) and liquid chromatography quadrupole time-of-flight mass spectrometry (1290LC, 6530 QTOF MS) (Agilent Technologies).
Measurement of hydrogen peroxide (H 2 O 2 ) concentration
The concentration of H 2 O 2 was determined according to Krasuska et al. (2016) . Samples of leaves c. 100 mg were homogenized in cooled 0.1% (w/v) trichloroacetic acid (TCA). The extract was centrifuged at 15 000 g for 15 min at 4°C and the supernatant was removed for analysis. The assay mixture (0.25 mL supernatant, 1 mL of 1 M potassium iodide in 10 mM potassium phosphate buffer (PPB) pH 7.0, and 0.5 mL of 10 mM PPB pH 7.0) was prepared. After 10 min incubation, the absorbance of 200 lL of assay mixture was measured at 390 nm using a microplate spectrophotometer (Epoch; BioTek). The standard curve was prepared using 0.88 mM H 2 O 2 (SigmaAldrich).
Protein extraction and measurement of nonspecific peroxidase activity
Leaves were ground in extraction buffer (50 mM PPB pH 7.0, 1 mM EDTA, 0.1% Triton X-100, 5% glycerol (v/v), 200 mM NaCl and protease inhibitor cocktail (P9599; Sigma-Aldrich) and centrifuged at 15 000 g for 15 min at 4°C. The supernatant was collected for further analysis. Protein concentration was measured by the Bradford protein assay. Peroxidase activity was assayed using guaiacol as the substrate. It was determined as guaiacol oxidation, as it forms tetraguaiacol with a change in A 470 with Ε = 26.6 mM À1 cm À1 . The 1 mL reaction mixture (5 mM guaiacol in 50 mM PPB, pH 6.5; 5 lg protein extract) without H 2 O 2 was incubated for 10 min in darkness. H 2 O 2 was added at 5 mM final concentration to start the reaction and the change in absorbance was recorded for 3 min. Activity of enzyme was expressed as lmol s À1 /mg protein.
Statistical analysis
The percentage of infection sites in each of the five classification categories was calculated for each of the six leaves (replicate) per interaction. The effect of host genotype (GP and GPHb1) on the proportion of infection sites in different categories was analysed separately for each pathogen isolate and time point by using a likelihood ratio test. Due to multiple comparisons, the P-values were adjusted by the false discovery rate method (Benjamini & Yekutieli, 2001) . Analyses were performed using R software (R Development Core Team, 2017) .
All other statistical analyses were performed with SAS v. 9.4 (SAS Institute Inc.). The chlorophyll content data of infected and control plants were analysed using an analysis of variance (ANOVA) model with the fixed effects of host genotype (two levels: GP and GPHb1) and treatment (two levels: control and infected) and their interaction. Data for each time point were analysed separately. Comparisons of means were made without adjustment. Analysis was performed with the PROC ANOVA procedure in SAS. Data for percentage of fungal DNA, the sphingosine-1-phosphate:ceramide ratio and phytol were analysed by two-sided t-tests using the PROC T-TEST procedure in SAS. Data for individual time points were analysed separately.
Results for H 2 O 2 concentration and peroxidase activity were analysed by an ANOVA model using the PROC ANOVA in SAS. Data were not subject to transformation. The model included the fixed factors host genotype (two levels: GP and GPHb1) and treatment (four levels: mock, A6, Race 1, H8) and their interaction. Comparisons between combinations of host genotype and treatment were adjusted by the Tukey-Kramer method for multiple testing (Tukey, 1953; Kramer, 1956) .
Results
Microscopic phenotypes of the interaction between barley and B. graminis
The influence of host genotype on the interaction with the three pathogen isolates was assessed by microscopy. Individual infection sites were investigated and overall five different outcomes of attempted pathogen penetration were observed. Some germinated fungal spores did not appear to attempt penetration (not shown). Some spores of the virulent isolate A6 were able to penetrate successfully, produce fully developed haustoria and grow on both host genotypes (Fig. 1a-c) . Colonies stopped by papilla formation were observed for all combinations of host genotype and pathogen isolate (Fig. 1d,e haustoria, were also observed for all interactions (Fig. 1f,  g ). Infection sites with both HR and a partly developed haustorium were only observed for interactions involving either the avirulent isolate (Race 1; Fig. 1h,i) or the wheat-adapted isolate (H8). The haustoria of such infection sites were at different development stages, but never at the size and shape of fully developed, normal haustoria.
Infection success and host response
The two barley genotypes, GP and GPHb1, showed a differentiated response to the three B. graminis isolates. The interactions were assessed by microscopy at 24, 48 and 72 hai and each infection site was placed in one of five categories based on progression of the infection and the response of the host (Fig. 2a) . Significantly more spores appeared to have no attempted penetration on GPHb1 than on GP at 24 hai (P < 0.0001) and 48 hai (P = 0.0366) when inoculated with the virulent isolate A6 (Fig. 2b) . The percentage of infection sites with an HR was significantly higher on GPHb1 than on GP at both 48 hai (P = 0.0011) and 72 hai (P = 0.0014). All infection sites with HR were without any visible haustoria. The proportion of infection sites with living host cells, with either haustoria or papilla formation, were not significantly different between plant lines at individual time points when plants were inoculated with A6.
When plants were inoculated with the avirulent isolate Race 1 (Fig. 2c) , significantly more infection sites on GPHb1 than on GP showed no sign of penetration at 24 hai (P = 0.0189). Significantly fewer infection sites showed papilla formation on GPHb1 than on GP at all time points, 24 hai (P < 0.0001), 48 hai (P = 0.0011), Plant Pathology (2019) 68, 152-162 sites showed HR on GPHb1 than on GP without the formation of haustoria at 24 hai (P < 0.0001) and 72 hai (P = 0.0053). No significant difference was found between the two host genotypes regarding the formation of infection sites with both HR and haustorium formation, but in total the percentage of cells with HR was higher on GPHb1 at all time points.
After inoculation with the wheat-adapted isolate H8 (Fig. 2d) , significantly fewer infection sites showed papilla formation on GPHb1 leaves than on GP at 48 hai (P < 0.0001) and 72 hai (P < 0.0001). Significantly more infection sites on GPHb1 than on GP showed HR without the formation of haustoria, at all time points, 24 hai (P = 0.0156), 48 hai (P < 0.0001) and 72 hai (P < 0.0001). HR with partial formation of a haustorium was significantly more frequent on GPHb1 than on GP at 72 hai (P = 0.0018). Figure 3 shows the percentage of infection sites with HR plotted against the percentage with papilla formation at 24, 48 and 72 hai when GP and GPHb1 plants were inoculated with one of the three B. graminis isolates. Throughout the time-course of infection there was a shift towards more infection sites with HR and fewer with papilla formation on the GPHb1 plants compared to GP. The shift was most pronounced for leaves inoculated with the wheat-adapted isolate H8.
Chlorosis, leaf senescence and fungal growth
Preliminary visual observations indicated a delayed development of chlorosis on GPHb1 leaves infected with the virulent A6 isolate compared to the wildtype GP plants. The chlorophyll content and different senescence markers were therefore measured at 6, 9 and 14 dpi. In addition the percentage fungal DNA was measured to test whether the indicated senescence delayed pathogen growth.
A general decline in the chlorophyll content was observed from 6 to 14 dpi for leaves of both GP and GPHb1 infected with isolate A6 (Fig. 4a) . At 6 dpi no significant differences were found between infected and mock-inoculated leaves. At 9 dpi the chlorophyll content was significantly lower in infected leaves (P = 0.0003), but significantly higher in infected GPHb1 plants than in infected GP wildtype plants (P = 0.0140). At this time the GPHb1 plants also had greener appearance than the GP plants, probably due to the higher chlorophyll content (Fig. 4b) .
The level of fungal DNA on infected leaves was determined by qPCR. At both 6 and 9 dpi, there was no difference in percentage of fungal DNA extracted from either GP or GPHb1 leaves (Fig. 4c) . On both host genotypes the percentage of fungal DNA increased from 6 to 9 dpi, but from 9 to 14 dpi the percentage of fungal DNA continued to increase only in the GPHb1 leaves whereas the level was not significantly changed in GP plants. This resulted in a significant difference between the two host genotypes at 14 dpi (P = 0.0228).
The relative ratios of sphingosine-1-phosphate and ceramide (S1P:cer ratio) did not vary between genotypes and infections at 6 dpi, but decreased over time in infected leaves (Fig. 4d) . Decreasing levels of the S1P:cer ratio is a marker of senescence by cell death (Maceyka et al., 2002) . The decrease was stronger in GP than in GPHb1, resulting in a significantly higher ratio in infected GPHb1 leaves at 9 and 14 dpi, confirming the visual observation of more senescence in infected GP than in infected GPHb1 leaves. In contrast, the S1P:cer ratios did not change in noninfected leaves and there was no difference between genotypes.
Levels of phytol, which is a breakdown product of chlorophyll, showed an infection-related increase over time with significantly higher levels in GP than in GPHb1 at 9 and 14 dpi (Fig. 4e) , confirming a faster progress of senescence in infected GP plants. No increase or significant difference of phytol levels between the noninfected host genotypes were found.
Hydrogen peroxide concentration and peroxidase activity
The hydrogen peroxide (H 2 O 2 ) concentration was significantly affected by host genotype (P < 0.0001) and inoculation treatment (P = 0.0063), but with no interaction between the two. The concentration was generally lowest in GPHb1 leaves. Inoculation with the virulent A6 isolate resulted in a higher H 2 O 2 concentration than in mock-inoculated leaves (P = 0.0246) and in leaves inoculated with the wheat-adapted isolate H8 (P = 0.0372). Furthermore, inoculation with the avirulent isolate Race 1 resulted in significantly higher H 2 O 2 concentration than in mock-inoculated leaves (P = 0.0427) but not significantly different from inoculation with H8. In addition, there was no significant difference between mockinoculated plants and plants inoculated with H8. Within host genotype, A6 inoculation of GP resulted in a higher concentration compared to mock-inoculated GP plants, whereas no significant effect of inoculation treatment was found for GPHb1 (Fig. 5a ).
For peroxidase activity there was a significant interaction between host genotype and inoculation (P = 0.0007). The activity found in GP leaves inoculated with Race 1 was significantly higher than that found for the other GP inoculations. GPHb1 leaves inoculated with any of the pathogen isolates had significantly higher activity than the mock-inoculated plants (Fig. 5b) . The activity was also higher in GPHb1 than in GP leaves when they were inoculated with H8. No significant difference was found between GP and GPHb1 mock-inoculation treatments.
Discussion
Barley plants of the variety Golden Promise with overexpression of the phytoglobin gene HvHb1 (GPHb1) showed an altered interaction with different genotypes of the mildew pathogen B. graminis. However, similar trends in compatible and incompatible interactions were observed. The frequency of papilla formation was reduced compared to the wildtype plants (GP) for inoculations with both barley-adapted (f. sp. hordei) and wheat-adapted (f. sp. tritici) pathogen isolates. The barley genotype also influenced pathogen-triggered Figure 3 The barley variety Golden Promise (GP) or GP with overexpression of the phytoglobin HvHb1 gene (GPHb1) were inoculated with a barley-adapted (A6 or Race 1) or wheat-adapted (H8) isolate of Blumeria graminis. Percentage of infection sites with either papilla formation or hypersensitive response (HR) were recorded at 24 hours after infection (hai) (a), 48 hai (b), and 72 hai (c). Fifty infection sites were assessed per interaction and each point on the graph represents the result for a single leaf (six replicates).
Plant Pathology (2019) 68, 152-162 senescence. Although the statistical test of all treatments showed that there was a significant effect of genotype on H 2 O 2 levels (P < 0.0001), the ANOVA tests also showed that GPHb1 plants showed no significant increase in the H 2 O 2 level when exposed to the different pathogen genotypes. In addition, the GPHb1 overexpression plants infected with a virulent isolate (A6) displayed a slower decrease in the chlorophyll content and markers of senescence and tissue degradation combined with a higher level of fungal DNA at late infection stages.
The histological observations showed a general decline in the frequency of pathogen attacks stopped by papilla formation in the epidermal cells of the GPHb1 plants. The reduction was most significant for the interaction with the wheat-adapted H8 isolate, probably because papilla formation is the main response in barley against nonadapted genotypes . The reduction in papilla formation did not lead to more established infection sites, but instead to an increase in the percentage of penetrated host cells showing HR as a second line of defence. Surprisingly, a higher level of HR was also found in the GPHb1 plants infected with the virulent isolate (A6). This effect was most prominent at 72 hai, which may indicate that, even when the papilla formation was ineffective, it still delayed the penetration. If an attack by an incompatible pathogen isolate fails on individual cells due to papilla formation, it can render the cell inaccessible to following attacks by a virulent isolate (Lyngkjaer & Carver, 2000) . The delayed penetration may therefore prime the cell for HR. Overall, overexpression of phytoglobin did not render the plants more susceptible to nonadapted (H8) and avirulent (Race 1) B. graminis genotypes, but instead there was a shift in the defence system with reduced papilla formation and increased HR.
Papilla formation is part of the basal defence system in barley acting not only against B. graminis but also against other pathogens that seek access by direct penetration of the epidermal cell (Carisse et al., 2000) . The formation is initiated regardless of the character of the interaction; even on a susceptible plant it is common that a significant percentage of the attacks are effectively stopped by papillae , consistent with the observations in this study. In the GP plants, almost all attempted attacks (97%) by spores of the wheat-adapted isolate (H8) were stopped by papillae, whereas 25% managed to break through the papillae on the GPHb1 plants. This indicates that overexpression of phytoglobin either delays or weakens the papilla formation. The construction of papillae seems tightly controlled, and in previous studies manipulation of single genes affected the speed and efficiency with which papillae were established (Voigt, 2014; Chowdhury et al., 2016) . Papilla formation further proceeds in different stages and times depending on the nature of the interaction (Chowdhury et al., 2014) . The initial steps are identical for both effective and ineffective papillae, including deposition of phenolic compounds, establishment of a callose matrix and accumulation of H 2 O 2 (Chowdhury et al., 2014) . It has been suggested that papilla formation is a stepwise process involving first a deposition of material followed by hardening and maturation (Zeyen & Bushnel, 1979) . Hydrogen peroxide accumulates in papillae that effectively stops the pathogen and may function as an oxidative agent for generation of crosslinks between phenolic compounds and proteins inside the papilla to make it resistant to pathogen penetration (Voigt, 2014) . The H 2 O 2 level is therefore important, and conditions or manipulations that result in lower H 2 O 2 accumulation may affect the papilla efficiency. The current results showed that the H 2 O 2 concentration was significantly lower in phytoglobin-overexpressing GPHb1 plants when exposed to the pathogen, independent of the host status of the plants. The effect of phytoglobin overexpression on the H 2 O 2 level may therefore be the reason behind the reduced papilla formation.
The link between phytoglobin and H 2 O 2 has not been extensively studied in plants. In Arabidopsis, overexpression of phytoglobin resulted in lower levels of H 2 O 2 combined with reduced plant cell death during hypoxia (Yang et al., 2005) . Two functions of phytoglobin have been proposed to affect the H 2 O 2 level. First, the function may be indirect via an effect on the antioxidant system as indicated for both plant and animal systems (Yang et al., 2005; Widmer et al., 2010) . Secondly, phytoglobin itself may have peroxidase-like activity, although results on the peroxidase activity of phytoglobin in plants have been inconclusive (Sakamoto et al., 2004; Violante-Mota et al., 2010) . However, the authors' unpublished data suggests that peroxidase activity might not be directly attributable to phytoglobin, because peroxidase activity of plant phytoglobin has not been demonstrated in native polyacrylamide gel electrophoresis (data not shown). Furthermore, the results of this study showed a higher peroxidase activity in infected GPHb1 plants compared to controls of both GPHb1 and GP, which may suggest an indirect influence of phytoglobin on the peroxide activity during infection.
In the wildtype GP plants, a high peroxidase activity was observed only when inoculated with the avirulent barley isolate (Race 1), although an increased level of H 2 O 2 was observed for all pathogen interactions. Hydrogen peroxide is part of the reactive oxygen species (ROS) system in plants. It is continuously produced as a by-product of diverse processes in the plant cell, but is also used as a signalling molecule in developmental processes and stress responses. Plants need to tightly control the level of ROS to prevent oxidative damage and to control the redox status of the cell (Singh et al., 2016) . The plant response to ROS depends on when, where and how ROS formation is induced, and different systems are effective for different types of host-pathogen interactions (H€ affner et al., 2015) . ROS bursts are characteristic for effector-triggered HR (Scheler et al., 2013) , which is the main defence mechanism against the avirulent isolate (Race 1) as indicated here by the high frequency of autofluorescent host cells. Peroxidases play a central role in ROS metabolism during the HR (Almagro et al., 2009) ; thus the increased peroxidase activity in the wildtype plants may be a result of controlled ETI-induced ROS. In wildtype plants inoculated with the wheat-adapted isolate (H8) only a nonsignificant increase in H 2 O 2 content was found, maybe because it is restricted to the papillae where it can be used as a substrate for cross-linking. Overall, the results suggest a link between overexpression of phytoglobin and peroxidase activity and H 2 O 2 in infected plants. However, more experimental evidence is needed to determine whether the low level of H 2 O 2 in the overexpression plants was due to a direct function of phytoglobin, e.g. peroxidase-like activity, or whether it was an indirect effect on the antioxidant system. Interestingly, an increase in H 2 O 2 content was observed for wildtype plants infected with the virulent isolate (A6), but without an increase in the peroxidase activity. The question is then to what extent is this response controlled by either the plant or the pathogen? It is well known that biotrophic pathogens try to manipulate the host defence response (Yi & Valent, 2013) . The virulent pathogen may try to block the peroxidase activity to interrupt the hardening of papillae, which may lead to accumulation of H 2 O 2 . On the plant side, ROS are used in various signalling processes including defence and control of senescence. Often the same molecules are involved in the different systems for defence control and plant senescence. In combination with the higher level of H 2 O 2 , the GP plants showed a faster development of chlorosis, a faster decline in chlorophyll content and a faster accumulation of senescence markers as compared to the GPHb1 plants. Hydrogen peroxide is an important molecule in plant senescence that may be triggered by pathogen infection, and in developmental processes (Singh et al., 2016) . In summary, the results suggest an association between a lower H 2 O 2 content and the delayed senescence of GPHb1 plants infected with the virulent isolate (A6). The exact role of phytoglobin needs to be further determined. Previous studies have shown that overexpression of phytoglobin can influence plant development (Hebelstrup et al., 2014) and as the results here indicate, it may also reduce plant stress during pathogen infections. Interestingly, the delayed senescence of GPHb1 plants seemed to promote pathogen growth as evaluated by a significantly higher level of fungal DNA compared to the GP plants at 14 dai. This suggests that senescence in compatible biotrophic plant-fungal interactions may be a means by plants to limit spread of disease within a plant community by limiting fungal growth on the individual plant (H€ affner et al., 2015) .
Overexpression of phytoglobin in plants has a range of potential, for instance as a way to increase resistance to abiotic stress (Hebelstrup et al., 2014) and as a strategy to counteract air pollution by removing NO (Kuruthukulangarakoola et al., 2017) . Modulation of phytoglobin expression can also be a strategy for studying aspects of host defence against B. graminis to gain a more general understanding of defence pathways. In conclusion, overexpression of phytoglobin in barley influenced the status of plants infected with B. graminis, expressed as a shift in the defence response against avirulent genotypes and resulting in higher tolerance/reduced stress response to virulent pathogen genotypes, apparently via an effect on the H 2 O 2 content and/or the peroxidase activity. The effect was observed at all levels of biotrophic plant-fungal interactions whether they are nonhost non-compatible, host-adapted but avirulent noncompatible or even virulent compatible.
